Purpose: Near-infrared (NIR) fluorescence imaging is widely used for tracking antibodies and biomolecules in vivo. Clinical and preclinical applications include intraoperative imaging, tracking therapeutics, and fluorescent labeling as a surrogate for subsequent radiolabeling. Despite their extensive use, one of the fundamental properties of NIR dyes, the residualization rate within cells following internalization, has not been systematically studied. This rate is required for the rational design of probes and proper interpretation of in vivo results. Procedures: In this brief report, we measure the cellular residualization rate of eight commonly used dyes encompassing three core structures (cyanine, boron-dipyrromethene (BODIPY), and oxazine/thiazine/carbopyronin). Results: We identify residualizing (half-life 924 h) and non-residualizing (half-life G24 h) dyes in both the far-red (~650-680 nm) and near-infrared (~740-800 nm) regions. Conclusions: This data will allow researchers to independently and rationally select the wavelength and residualizing nature of dyes for molecular imaging agent design.
Introduction N ear-infrared (NIR) imaging is increasingly being used during the development of novel imaging agents either in dual-labeling approaches or interchanging the labeling moiety during development [1] [2] [3] . One of the biggest factors in determining the in vivo distribution of the label is the fate of the metabolic product after receptor internalization.
Despite the importance of this parameter and the wellcharacterized literature on radioactive tags [4] [5] [6] [7] , data on the retention of NIR tags is quite limited. Understanding the behavior of the NIR tag following local metabolism is critical in selecting fluorophores that will be representative of the radiolabeled compounds in preclinical development and designing effective fluorescent imaging agents for intraoperative applications. This information is also necessary in predictive mechanistic models [8, 9] used in drug and imaging agent design [10, 11] .
Radiolabels and fluorescent dyes are often grouped as Bresidualizing^or Bnon-residualizing^depending on whether metabolites are trapped within the cell or washed out, respectively. Although this classification is somewhat arbitrary since the halflife of signal retention is a continuous spectrum, often residualization half-lives less than 24 h such as iodine are referred to as non-residualizing, while half-lives greater than 24 h (e.g., In-111) are considered residualizing [4] . The physicochemical properties of metabolites (molecular weight, charge, pK a , lipophilicity, etc.) and any interactions with transporters all impact the residualization rate.
The increased use of NIR dyes during the development of molecular imaging agents stems from the high spatial and temporal resolution of fluorescence imaging. NIR-labeled probes can be followed in real time in vitro and in vivo [12] , and imaging techniques exist to monitor distribution from the whole animal and organ level down to cellular and subcellular resolution [13] [14] [15] . The fluorophore can then be replaced by a radioactive tag with similar physicochemical properties, or the dual-labeled targeting agent can be loaded with a radioactive isotope. NIR probes have significant advantages over visible light dyes due to the drastically lower tissue autofluorescence and high tissue penetration of light in this region of the spectrum. The low background enables the detection of very low (nM) concentrations of dyes, and the high tissue penetration allows longitudinal whole animal imaging to follow the probe kinetics.
While there has been extensive research into organic dye NIR fluorophore development, three of the most common (and commercially available) structures are cyanine dyes, red-shifted boron-dipyrromethene (BODIPY) fluorophores, and smaller polycyclic dyes (e.g., oxazine [16] , thiazine [17] , or carbopyronine [18] structures). A diverse set of cyanine dyes are available with multiple conjugation chemistries and varying charge, and these dyes are commonly used due to their high absorption coefficient and reasonable quantum yield (resulting in excellent brightness). Given the diversity in physicochemical properties of these fluorophores including a wide range in molecular weight, charge, and lipophilicity, we sought to determine the cellular retention rate of fluorescently labeled antibodies (using Nhydroxysuccinimide (NHS) ester chemistry) for a direct comparison between dyes. for 2 h at room temperature. A molar ratio of 1.0 was used for all dyes. The antibody-dye conjugates were purified using 800 μl of 5 g/50 ml water of Biogel P-6, Fine (Bio-Rad, Hercules, CA) in Spin-X centrifuge filter tubes (Corning, Corning, NY). The final degree of labeling was determined by the absorption at 280 nm corrected for the fluorophore and the max absorption wavelength of each dye using a NanoDrop 1000 spectrophotometer. A protein gel was run to ensure that there was no free dye remaining.
Materials and Methods

Residualizing Dye Plate Assay
The rates of cellular dye loss were measured over a period of 8 days with the Odyssey Imaging System (LI-COR). Cells were plated in 96-well plates overnight at between 90 and 100 % confluency. The cells were labeled with cetuximab-dye conjugates at 40 nM for 30 min at 37°C, then subsequently washed three times to remove unbound probe. The cells were washed daily with media (DMEM supplemented with 10 % fetal bovine serum, 2 % sodium bicarbonate, and 1 % penicillin/streptomycin) and then scanned with the Odyssey Imaging System. Signal was obtained from the background subtracted sum of pixel intensities using Licor Image Studio software. The fluorescent intensities for each dye were normalized to the maximum signal achieved after internalization and unquenching (see Electronic supplementary material).
Confocal Microscopy
Falcon™ culture slides (Fisher Scientific, Pittsburgh, PA) were imaged with an upright Olympus FV1200 confocal microscope using 405-, 633-, and 750-nm lasers and a ×60 objective. Cells were plated overnight at 90-100 % confluency. Cells were labeled with each antibody-dye conjugates at 0, 24, and 48 h under the same conditions described above and subsequently were washed twice with media. After 48 h, cells were incubated with Hoechst 33342 for 5 min at room temperature, washed with media, and then imaged.
PAMPA Assay
Membrane permeability was measured using the BD Gentest™ Precoated parallel artificial membrane permeability assay (PAMPA) Plate System. Briefly, NHS ester derivatives of all dyes were mixed into an aqueous solution overnight at room temperature to allow dyes to hydrolyze into the unreactive carboxylic acid form. One micromolar hydrolyzed dye was used in the donor wells and was incubated for 5 h at room temperature. Donor and acceptor concentrations were obtained using the Odyssey Imaging System and the permeability was then calculated according to manufacturer's instructions.
Results
Eight commercially available NIR dyes available as NHS esters were chosen for this study. They represent three different classes of molecules with varying optical and physicochemical properties ( Table 1 ). The structures include several cyanine dyes with varying numbers and positions of sulfate groups (Fig. 1) . The structures for AF750 and Atto 740 are proprietary and are not included.
All the dyes were conjugated to cetuximab successfully, although the lipophilic BODIPY-650 dye could not be completely purified of free dye after the reaction (data not shown). The fluorescent cetuximab molecules specifically labeled the surface of A-431 cells following 30 min at 40 nM (Fig. 2) . The labeled cetuximab molecules were internalized and trapped in punctate vesicles throughout the cell with varying degrees of protein-dye unquenching inside the cell (Fig S1) . The cyanine dyes retained signal at 24-and 48-h. DDAO and Atto 740 signals were lower at 24 h and not visible at 48 h. A small amount of unquenching of Atto 740 after internalization results in the higher microscopy signal at 24 h but faster terminal half-life of clearance.
To quantify the overall fluorophore retention over long times, a plate assay was used to measure the bulk fluorescence over 8 days (Fig. 3) . To eliminate the effects of internalization, degradation, and unquenching, the halflife was measured from the time of peak signal onward. Half-lives for each of the dyes were calculated using PRISM and are reported in Table 1 . To check if passive diffusion through membranes could explain the more rapid loss of signal from internalized and degraded probe, a PAMPA assay was used to measure the membrane permeability of the free dye. The values were low (G1×10 −6 cm/s) for all the dyes, but only DDAO, Atto 740, and BODIPY-650 gave measurable signal in the acceptor well.
Discussion
Understanding the cellular kinetics of NIR dyes is critical for designing imaging agents and predicting in vivo behavior. Whether used in direct applications for intraoperative imaging [12] , in multi-modality imaging [1] , or during preclinical development of radiolabeled probes, the rate at which the degraded probe diffuses out of cells is a major determinant of the time course and concentration of signal within the tissue. In this work, a wide range in the cellular residualization rate of NIR dyes was found following uptake Ex/Em and extinction coefficient reported as listed by the manufacturer. MW and LogD calculated based on hydrolyzed form of NHS ester. LogD estimated using MarvinSketch (http://www.chemaxon.com/products/marvin/marvinsketch). t 1/2 was calculated using best fit for one-phase decay in PRISM Fig. 1 . Published dye structures used in this study including cyanine-based structures, boron-dipyrromethene (BODIPY), and the acridine-based (7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one)) dye DDAO. These structures represent the hydrolyzed NHS ester form of the dyes. 3 . The signal intensity for each labeled antibody is plotted from the time of peak signal. To avoid unquenching effects on the half-life, only the later time points during signal decay were used (a, b). To determine if passive diffusion through membranes could explain the loss in signal, all the free dyes (carboxylic acid derivatives) were tested in a PAMPA assay (c).
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by an NHS ester-labeled monoclonal antibody (cetuximab) based on the dye properties.
To quantify the cellular half-life, we selected the clinical anti-EGFR antibody cetuximab as the model targeting agent. This is a well-studied internalizing antibody [19, 20] , and our imaging results showed virtually complete internalization within 24 h. A-431 cells were selected because they express high numbers of EGFR, resulting in a strong signal that can be tracked over many days. They can also be maintained as a slower-growing confluent monolayer, reducing the impact of repeated cell division. The clearance rates could be influenced by the cell line and probe, however, due to interactions with drug transporters and/or differences in internalization and degradation rates. The degree of labeling (DOL) was kept below 1 for most dyes to minimize the presence of multiple dyes on a single antibody. For in vivo work, this can have a strong impact on distribution [21] .
At early times (within 24 to 48 h of cell surface labeling), the fluorescence signal is a combination of internalization, degradation, pH effects, and subcellular compartmentalization. Several dyes showed significant increases in signal as the covalently labeled antibody was degraded (Fig. S2) , resulting in unquenching. The quenching is likely from dyeprotein interactions, not dye-dye interactions, due to the low degree of labeling. At later times, however, the decrease in signal followed a single exponential decay that could be accurately and reproducibly quantified.
To test our hypothesis that passive diffusion from the cell dictates the residualization rate, the membrane permeability of the dyes was measured using a parallel artificial membrane permeability assay (PAMPA). This eliminates any effect from drug transporters such as p-glycoprotein or organic anion transporters, which can shuttle dyes across membranes [22, 23] . While the permeability of all the dyes was low, only measurable permeation through the membranes was detectable for DDAO, Atto 740, and BODIPY-650, providing evidence that these dyes can exit the cells by passive diffusion through membranes after antibody degradation.
The dye residualization rate has a major impact on imaging properties, but dye properties alone are not solely responsible for the rate of washout after cell labeling. The linker region, conjugation chemistry, and/or targeting molecule can have a major impact on the residualizing behavior of a dye [24] , and properly designed linkers can increase cellular retention if desired. In this work, the intrinsic rate of several commercially available dyes containing a common NHS ester lysine linkage was quantified due to the extensive use of this labeling chemistry. Other labeling strategies would need to be tested individually.
There are several other steps to washout from tissues in vivo. After exiting the cell, the fluorescent degradation product must diffuse through the tissue to a capillary or lymph vessel and intravasate before exiting the tissue. These steps can occur within minutes [25] , so the hours required for exiting the cell are often the rate-limiting step. The in vitro assay here does not capture all the complexity in vivo, however, so care must be taken when extrapolating to animal data.
Conclusions
Commonly used and commercially available NIR dyes exhibit varying rates of cellular retention after internalization. DDAO and Atto 740 antibodies diffused out of cells quickly following internalization and degradation, while the cyanine-based probes had significant retention in cells over several days. Residualizing dyes are useful for studying protein metabolism, signal amplification of internalizing targets, and fluorescent surrogates for residualizing radioisotopes (Electronic supplementary material). For monitoring the distribution of intact protein therapeutics, reducing signal in clearance organs, and/or using fluorescent surrogates for non-residualizing radioisotopes such as iodine, the non-residualizing fluorophores are ideal. Fortunately, this study has identified both residualizing behaviors in far-red and near-infrared wavelength dyes, allowing investigators to select the wavelength and residualizing properties appropriate for their application. These rates should prove useful in experimental design, in vivo data interpretation, and molecular probe development.
